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The v-mafoncogene, identified from AS42 avian retrovirus, encodes a nuclear bZip protein. To elucidate the
molecular mechanism of cell transformation induced by this oncogene, we determined the specific binding
sequences of its product. Maf protein recognized two types of relatively long palindromic consensus sequences,
TGCTGACTCAGCA and TGCTGACGTCAGCA, at roughly equal efficiency. The middle parts of these
Maf-binding sequences completely match with two binding sequences for AP-1 transcription factor, i.e.,
phorbol 12-0-tetradecanoate-13-acetate (TPA)-responsive element (TRE) and cyclic AMP responsive element,
suggesting partial overlapping of the target genes for Maf and AP-1. Furthermore, Maf efficiently formed
heterodimers with the components of AP-1, Fos and Jun, through their leucine zipper structures, and these
heterodimers show binding specificities distinct from those for Maf-Maf and Jun-Jun homodimers. Thus, a
multiple combination of the dimers should generate a greatly expanded repertoire of transcriptional regulatory
potential. DNA data base search for the Maf-binding consensus sequences suggested that some of the TRE-like
cis elements reported previously may actually be the targets for Maf family proteins or their heterodimers with
other bZip proteins.

The maf oncogene, which we identified from the genome
of AS42 avian transforming retrovirus (32, 56), encodes a
protein containing a typical bZip structure, a motif for
protein dimerization and DNA binding (36, 76). As expected
from its structure, the product of this oncogene, Maf, forms
homodimers through its leucine zipper structure and local-
izes predominantly in the nucleus (31). Structure-function
studies revealed that a region of about 100 amino acid
residues, which is located near its carboxyl terminus and
contains an almost entire bZip motif, is essential for the
basal transforming activity of v-Maf on chicken embryo
fibroblasts and that the amino-terminal portion has addi-
tional enhancing effects on this activity (31). The functional
importance of the bZip domain was also suggested by the
structures of maf-related genes. We have so far isolated
chicken cDNA and genomic DNA clones of four maf-related
genes, which we named maJK, mafF, mafB, and mafG (16;
unpublished results). In addition, Swaroop et al. (75) re-
ported another distinct member of the maf gene family,
NRL, which is specifically expressed in neural retina cells.
The predicted amino acid sequences of the products of these
maf-related genes are well conserved in their putative DNA-
binding domain, suggesting that these proteins recognize
common DNA sequences.

Interestingly, the putative DNA-binding domain of the
Maf proteins also shows weak homology with the corre-
sponding region of the members of two well-characterized
transcription factor groups, the AP-1 and ATF/CREB fami-
lies (56). AP-1, initially defined as a transcriptional regula-
tory activity, consists of proteins of the Jun and Fos families.
To date, three Jun proteins (c-Jun, JunB, and JunD) and four
Fos family members (c-Fos, Fra-1, FosB, and Fra-2) have
been identified as components of AP-1 (7, 9, 24, 44, 54, 63,
64, 78). Among these proteins, JunB and JunD share the
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highest amino acid sequence identity (about 30%) with v-Maf
in the putative DNA-binding domain.
These AP-1 proteins, with the exception of JunD, are

known to be strongly and immediately induced by treatment
with phorbol ester tumor promoters, polypeptide hormones,
and other growth-stimulatory signals (reviewed in references
10 and 77). It is also well known that the AP-1 complexes
recognize two cis-acting elements, the phorbol 12-O-tetrade-
canoate-13-acetate (TPA)-responsive element (TRE; TGAC
TCA) and the cyclic AMP-responsive element (CRE;
TGACGTCA). A major component of AP-1, the c-Jun pro-
tein, can bind as a homodimer to both TRE and CRE but
with relatively low apparent affinity. However, in the pres-
ence of c-Fos protein, which cannot homodimerize itself,
Jun preferentially forms a Jun-Fos heterodimer with in-
creased affinity for TRE and CRE (1, 22, 33, 51, 52, 60, 65,
67, 74). The Jun-related proteins also form heterodimers
with some members of another group of transcription fac-
tors, the ATF/CREB family, and preferentially bind to CRE
(5, 20, 29, 40, 57). Homo- or heterodimers among the
members of the ATF/CREB family also preferentially bind
to CRE (21, 29, 57). From these studies, it is apparent that
multiple forms of homo- and heterodimeric complexes of
these bZip proteins mediate a wide variety of transcriptional
regulation.
The limited but significant homology of Maf protein to

AP-1 and ATF/CREB family proteins within the putative
DNA-binding domain suggested the possibility that Maf
protein also recognizes TRE and CRE. However, we could
not detect any binding of v-Maf to the TRE of the rat aP2
gene and the CRE of the human somatostatin gene, suggest-
ing that Maf recognizes distinct a DNA sequence(s) and
trans-activates a different group of target genes (unpublished
results).

In this study, to further explore the mechanisms of cell
transformation induced by the maf oncogene and to delin-
eate normal functions of maf-related genes, we determined
consensus binding sequences of Maf. Surprisingly, the bind-
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ing sequences of Maf were 13- or 14-base palindromic
sequences which contain TRE or CRE. Furthermore, we
found that Maf efficiently formed heterodimers with Jun and
Fos. Binding specificities of the heterodimers, Maf/Jun and
Maf/Fos, were distinct from those of the Maf homodimer
and AP-1. These observations suggest that there is another
layer of complexity to the network of protein-protein and
protein-DNA interactions of these transcription factors that
regulate the expression of wide variety of genes. A DNA
data base search suggested that expression of several genes,
including some growth-regulatory genes, could be modu-
lated by Maf or its related proteins.

MATERIALS AND METHODS

Production and purification of fusion proteins. The nucle-
otide and amino acid residues of v-maf and v-fos genes and
their products were numbered from the 5' recombination
point between the viral gag gene and viral oncogenes as
previously described (55, 56). The bZip domain of the v-Maf
protein was synthesized as a fusion protein with Escherichia
coli maltose-binding protein (MBP), using the pMAL-c vec-
tor (New England Biolabs). The HaeIII-Bsu36I fragment
(nucleotide residues 720 to 1123) of the v-maf gene se-
quence, which encodes the carboxy-terminal 129 amino acid
residues of v-Maf, was blunt ended with the Klenow frag-
ment, converted to an EcoRI-XbaI fragment by the addition
of linker sequences, and recloned between the EcoRI and
XbaI sites of the pMal-c vector. E. coli cells transformed
with this plasmid were cultured in rich medium and were
induced to produce the recombinant protein in early log
phase by addition of isopropyl-,-D-thiogalactopyranoside
for 2 h. The fusion protein of the expected size (about 60
kDa) was purified to more than 95% homogeneity by amy-
lose resin affinity chromatography as recommended by the
supplier, with minor modifications. In brief, E. coli cells
induced to produce the fusion protein were lysed by ly-
sozyme treatment and sonication. NaCl was added to the
lysate to a final concentration of 1 M, and the lysate was
clarified by centrifugation and applied to the amylose resin
column. To eliminate proteins and nucleic acids of E. coli,
the column was sequentially washed with buffer A [10 mM
sodium phosphate (pH 7.2), 1 mM sodium azide, 10 mM
2-mercaptoethanol, 1 mM ethylene glycol-bis(P-aminoethyl
ether)-N,N,N',N'-tetraacetic acid (EGTA)] containing
0.25% Tween 25 and 500 mM NaCl, buffer A containing 500
mM NaCl, buffer A containing 1 M NaCl, and buffer B (20
mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid
[HEPES]-KOH [pH 7.9], 1 mM EDTA, 20 mM KCl, 10 mM
2-mercaptoethanol, 4 mM MgCl2). Subsequently, the fusion
protein was eluted with buffer B containing 10 mM maltose.
The bZip domains of v-Jun and v-Fos proteins were also
prepared as fusion proteins in a similar manner. To this end,
the 0.65-kb NaeI-EcoRI fragment of the v-jun gene of avian
sarcoma virus 17 (43), which encodes the carboxy-terminal
166 amino acid residues of v-Jun, and the 0.48-kb AlwNI-
StuI fragment (nucleotides 89 to 567) of the v-fos gene of the
NK24 virus (55) were treated with T4 DNA polymerase and
subcloned into the StuI site of the pMAL-c vector. In the
v-Fos construct, the termination codon of the fusion protein
was provided by the vector sequence immediately down-
stream of the insert.

Selection of oligonucleotides containing Maf- and Jun-bind-
ing sites. The 64-base oligonucleotide synthesized for use in
binding-site selection was 5'-TAGGCATGTAAGCTTCTC
TGGG(N)20GGGCACGTCTAGAACCTTCAAT-3', where

(N)20 indicates a random sequence. Primers A (5'-TAGG
CATGTAAGClTICTCTGGG-3') and B (5'-ATTGAAGGTT
CTAGACGTGCCC-3') were used for amplification of the
64-mer by polymerase chain reaction (PCR). 32P-labeled
double-stranded 64-mer oligonucleotides were prepared by
annealing to primer B followed by treatment with DNA
polymerase I Klenow fragment and polynucleotide kinase.
The first cycle of selection was performed with the amylose
resin affinity column, which retains either MBP-Maf or
MBP-Jun. After equilibration of the column with buffer B,
the double-stranded oligonucleotide was applied and washed
with buffer B to eliminate nonspecifically bound DNA. The
specifically bound oligonucleotides were then eluted with
buffer B containing 1 M NaCl. The eluted fractions were
pooled and amplified by PCR. Then the selected oligonucle-
otides were end labeled again, incubated with the Maf fusion
protein, and subjected to gel electrophoresis. A weak shifted
band was observed with the selected oligonucleotides but
not with unselected oligonucleotide, suggesting significant
enrichment of binding sequences. The retarded oligonucle-
otides were then rescued by PCR and subjected to further
purification. After three successive purification cycles by the
gel mobility shift-PCR techniques, the oligonucleotides were
digested with HindIII and XbaI and subcloned into pUC to
analyze its nucleotide sequences.

In vitro transcription and translation. The structure and
construction of deletion mutants and point mutants of the
v-maf gene used in this study have been described previ-
ously (31). pRAM-GEM is a subclone of the v-maf gene
based on the pGEM-4 vector, which was used to transcribe
mRNA for v-Maf (31). To produce mRNA for v-Jun, the
1-kb SacII-EcoRI fragment of avian sarcoma virus 17 which
contains all of the v-Jun-coding sequence was subcloned into
pGEM-4. To construct the template plasmid for the carboxy-
terminal 251 amino acid residues of v-Fos (fosIpGEM-4), the
0.8-kb NotI-ApaI fragment of avian NK24 virus (nucleotides
215 to 1000) (55) was treated with T4 DNA polymerase to
convert it to a blunt-ended fragment and was replaced with
the NcoI-EcoRI insert of the pRAM-GEM plasmid. In this
construct, the NcoI site encodes the first methionine and the
5' noncoding sequence is derived from the 5' noncoding
sequence of the v-src gene of Rous sarcoma virus, which is
in good agreement with Kozak's consensus sequence for
translational start sites (34). Mutated versions of these
templates for Jun and Fos (junL3P/pGEM-4 and fosL3PI
pGEM-4) were generated by the method of Kunkel et al.
(35). These mutated genes encode proteins in which the third
leucine residues of the leucine repeats are substituted by
prolines. The linearized plasmids were transcribed by T7
RNA polymerase and translated in vitro by using wheat
germ extract (Promega).

Protein dimerization assay. In vitro translated proteins,
labeled with [35S]methionine were assayed immediately after
synthesis. In vitro translated material (3 p,l) was added to 800
,ul of TNN buffer (Tris-HCl [pH 7.5], 150 mM NaCl, 1%
Nonidet P-40) and 20 ,u of amylose resin bound to about 200
ng of one of the MBP-fused bZip proteins. As a negative
control, unbound amylose resin was used. After overnight
mixing at 4°C, amylose resin was collected by centrifugation
and washed three times with 800 ,ul of TNN buffer and the
proteins retained on the resin were eluted for analysis by
sodium dodecyl sulfate (SDS)-polyacrylamide gel electro-
phoresis.

Electrophoretic mobility shift assays. The binding mixture
(10 p,l) contained 250 pg of the radiolabeled oligonucleotide,
20 mM HEPES-KOH (pH 7.9), 1 mM EDTA, 20 mM KCG, 5
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mM dithiothreitol, 4 mM MgCl2, 400 ,ug of poly(dI-dC) per
ml, 100 ,g of bovine serum albumin per ml, and 50 ng of the
bacterially synthesized bZip protein or 4 RI of in vitro
translated material. The resultant protein-DNA complexes
and free probe were resolved through a 4% polyacrylamide
gel in lx TBE buffer (lx TBE is 89 mM Tris-borate and 2
mM EDTA [pH 8.3]) at 4°C.

RESULTS

Determination of specific binding sequences ofMaf and Jun.
To determine the recognition specificity of Maf, we first tried
to produce Maf protein in E. coli. We previously observed
that the expression of intact Maf protein was highly toxic to
bacterial cells (31). On the other hand, it was revealed that a
region of about 100 amino acid residues, located near the
carboxy-terminal part of the v-Maf, which contains most of
the bZip motif, is essential for its basal transforming activity
(31). Amino acid sequences of this minimum essential do-
main are highly conserved among the members of Maf family
proteins, suggesting that this domain is sufficient for its
binding ability to specific DNA sequences. Then we decided
to synthesize the minimum essential part of v-Maf in E. coli
cells as a fusion protein with MBP. The fusion protein was
purified to apparent homogeneity by amylose resin affinity
chromatography. Double-stranded oligonucleotides contain-
ing 20 bases of random sequence were added to an amylose
resin column which retains the MBP-Maf fusion protein.
After extensive washing of the column at low salt concen-
tration, the retained oligonucleotides were eluted with high-
salt buffer. The partially purified oligonucleotides with po-
tential Maf-binding sites were further purified by the gel
mobility shift technique as described previously (59). After
three rounds of purification, the purified oligonucleotides
were cloned into a plasmid vector and sequenced. Most of
the analyzed clones contained a palindromic sequence of 13
bases, TGCTGACTCAGCA, with one to five mismatches
(Fig. 1). To our surprise, the consensus binding sequence
contains the well-characterized cis element, TRE (TGAC
TCA) in the middle. Four other clones, M33, M29, M124,
and M21, contained a related sequence of 14 bases, TGCT
GACGTCAGCA. This sequence encompasses the CRE
(TGACGTCA) in the middle. The two consensus binding
sequences are different only by insertion of one guanine
base. In the following text, we call the 13-base sequence
(TGCTGACTCAGCA) and the 14-base sequence (TGCT
GACGTCAGCA) TRE-type MARE (Maf recognition ele-
ment) and CRE-type MARE, respectively. Among the
clones sequenced, none of the residues in the MAREs was
completely conserved, suggesting that Maf recognizes these
relatively long target sequences in a rather loose manner.
Jun is known to recognize both TRE and CRE, but there

remains a possibility that Jun actually recognizes longer
sequences (51, 65). Therefore, to clarify difference between
the binding specificities of Maf and Jun, we determined the
consensus binding sequences for Jun by using the same
strategy. We prepared the bZip domain of v-Jun as a fusion

protein in E. coli for determination of binding sequences.
Figure 2 summarizes the oligonucleotide sequences selected
by binding with the bZip domain of Jun. Most of the
analyzed clones contained CRE, and only three clones
contained TRE, suggesting that Jun had a higher affinity for
CRE than for TRE. The most preferable sequences for Jun
seemed to be a 10-base palindromic sequence, ATGACGT
CAT, containing the CRE sequence. However, single bases
at both termini of the optimal sequence were not strictly
conserved, suggesting their weaker contribution for binding.
In contrast, middle parts of all Jun-selected oligonucleotides
completely matched with either the classical CRE (TGA
CGTCA) or TRE (TGACTCA).
DNA-binding domain of Maf. In our previous study, we

had constructed a series of deletion mutants and substitution
mutants with mutations in the v-mafgene (31). To determine
the minimum essential region of the v-Maf protein for its
DNA-binding activity, we translated some of these mutant
genes in vitro (Fig. 3A and B) and tested their DNA-binding
activities (Fig. 3G). A nearly full-length form of Maf protein,
PT, synthesized in vitro efficiently shifted the mobility of the
probe (Fig. 3C, lane 2). Binding to the labeled probe was
efficiently inhibited by addition of an excess amount of cold
oligonucleotide which contained the recognition sequence
but not by addition of mutated oligonucleotides (data not
shown). Thus, it was now confirmed that Maf protein itself,
but not the contaminating E. coli protein, binds to MAREs.
Among the amino-terminal deletion mutants, ND1, ND4,
and ND5 were able to bind DNA (lanes 3 to 5). The lack of
function of ND5 in cell transformation might be attributed to
its lack of transactivator function, as suggested by our recent
study (31). Further deletion from its amino terminus (ND6)
abolished its DNA-binding activity (lane 6). On the other
hand, a carboxy-terminal deletion mutant, CD2, which re-
tains most of the leucine repeat structure, was active for
binding to MAREs (lane 8). CD3, which lacks the carboxy-
terminal three leucine repeats and is deficient in dimer
formation, was, however, no longer active (lane 9). Thus, in
addition to the leucine repeat structure, a region of more
than 50 amino acid residues is essential for its DNA-binding
ability. Two substitution mutants, R22E, which has a sub-
stitution of a conserved arginine by glutamate in the putative
DNA-binding domain, and L2PL4P, which has two substi-
tutions of leucine residues of the zipper by proline residues
and is defective in dimer formation, failed to bind DNA
(lanes 10 and 12). Another substitution mutant, Q5H, which
has enhanced cell-transforming activity (31), showed no
apparent difference in DNA-binding ability (lane 11). Further
studies are required to understand the mechanism of the
potentiation of this mutant. The minimum essential region of
Maf for its DNA-binding activity, indicated by a two-headed
arrow at the bottom of Fig. 3A, is indistinguishable from that
required for its basal transforming activity (31).

Partial overlapping sets of sequences are recognized by Maf
and AP-1. To further characterize the binding specificity of
Maf and Jun, we synthesized a series of oligonucleotides
with one to six mutations in the consensus sequences for

FIG. 1. Determination of DNA recognition sequences for Maf. (A) Sequences of the 45 oligonucleotides selected by affinity for Maf. The
random sequence core portion of the oligonucleotides is shown in capital letters, and the nonrandom arm sequences are shown partly in
lowercase letters. Among the sequenced clones, four clones (M33, M29, M124, and M21) contained CRE-type MARE, and the others include
TRE-type MARE. In two cases (M114/M120 and M1/M25), identical sequences were found in two independent isolates, which were probably
derived from amplification of the same oligonucleotides. Numbers of mismatches from the consensus sequences and the orientation of each
nucleotide are indicated on the right. (B) Nucleotide use matrix. The number of occurrences for the four nucleotides in the oligonucleotides
which contain the TRE-type Maf recognition sequence are shown.
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(A) mismatches
clone from cns. orientation
M38 ACCCCGTAAAAAAATGCTGAcccagagaagctt 3 A
M109 TATACTCATAAAAATGCTGAcccagagaag 3 A
M41 TCATAAAAACGATGACTCAGcccag 3 A
M121 TTCATAATTCGCTGACTCATcccag 3 A
M108 TGGGCACGTGCTGACTCAGTccca 2 A
M130 ATATAAAATGCTGACTATGAccca 4 A
M20 TACCTTATGCTGACGTCGCAccc 3 A
M22 GAAGAAACGCTTACACTGCAccc 4 A
M7 AATAAATGCTAGCTAAGCAGcc 3 A
M36 CCATTGTGATGACTCAGTATcc 2 A
M114,120 AAATAATGCCAACTCAGCTTcc 3 A
M106 GGTTATGTATACTCAGCAATc 3 A
M122 CATGAAGCTGACTATGCATTc 3 A
Milo ACGAAGAAGACTCAGCATTC 3 A
M32 cAATGCTGACAATACAAAACG 4 A
M39 ccCTGCTGACTCGGCACCACTT 1 A
M45 cccTGCTGACGCAGATAGACAAA 3 A
M23 acgtgcccATTCAGCATTATGAGATGAC 3 A
M31 acgtgcccACTCAGCAACACATCCACTT 2 A
M47 AAACTATAAAACCGATGACTgggcacgtctaga 4 B
M107 TAAGGGTTATGATGATGACTgggcacgt 3 B
M112 CACGTTGTGGCATGCTGACAgggcacgt 3 B
M119 TTAATCCACGAATGCTGATTgggcacgt 3 B
M2 TAAGCGAAATATTGCTGGCGgggcacgt 4 B
M1,25 ACCTAATAATCGCTGACGCAgggcac 4 B
M6 CAGTGAAATCTGCTGACTAAjggcac 3 B
M19 TGGCGATTATGCTGACGCAGgggca 3 B
M34 TGCAATTCTGCTTACACAGCgggc 3 B
M28 TTTTATGCTGACTCAGCGggg 1 B
M117 AAAAATCTGATGACCGTGCAggg 4 B
M37 TTACTTGCTGACGCTGCTCTg 3 B
M4 CGGGAAGCTGATTCAGCACAg 2 B
M26 TAACTGCTGATCTGTCAAAT 5 B
M132 TAGTAGCTGACTGTGCAGAT 3 B
M5 TTGTGCTGACTAAGGCCTAG 3 B
M123 gTACGCTGATTCAGCATCATT 2 B
M131 ggTAAATGACTCAGCACAATTT 3 B
M3 ggAGTCTGACATTGCATTTTTG 5 B
M27 gggTAATGACTAAGCATAATTCA 3 B

Consensus TGCTGACTCAGCA 1

mismatches
clone from ons. orientation
M33 TGAAAATATGCTGACGCTATcccag 4 A
M29 ccATCCATATGTCAGCATTTT 4 A
M124 ccGTGCTTACATCAGCAATATA 2 A
M21 gtgcccTTAGCTCAGCATTAACCCGT 5 A

Consensus I TGCTGACGTCAGCA

(B)

T G C T G A C T C A G C A

A 17 12 19 5 2 9 2 137 - 5 8 23 1 4 24 71212
C 3 7 7 6 - 29 2 2 - 34 5 21 1 - 29 5 18 11 10
G 8 8 6 1 36 - - 33 2 - 6 7 7 36 4 7 6 9 9
T 11 12 7 27 1 1 35 3 - 5 23 3 8 2 2 3 8 6 8

R

Consensus I
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(A)
relnina

J75
Jl1
J57
J58
J60
J73,79
J56
J61
J65
J12
J51
J71
J16,64
J66,74
J69
J49
J59
J10
J52
J70
J76
J62,63
J80
J78

Glt 1 I _wl1wi i_i"_I"_I
CAGGCNNNGTGATGACGTCAccc a g a ga a g ct t
AGTTCCGCCAATGACGTCATccc
CTGTGGAGTGGTGACGTCACccc
ATATCCACTAATGACGTCATccc
AGGGGGCACGGTGACGTCATccc
GCGGCAAAGGATGACGTCATccc
AACTCAGCTATGACGTCATTcc
TTGTGGCCGATGACGTCATTcc
TCACACACGATGACGTCATAcc

TACCTCGATGACGTCATTAA
ACGTGGGATGACGTCATGCT
ACTCAGTATGACGTCATTCT
GCAGCGGTGACGTCATATTT
AAGTAGATGACGTCATTGAT
AACTAATGACGTCATTTTA
GATCAGTGACGTCATTGTGC
CAATAATGACGTCAGAAAAC
TTTGATGACGTCATGCACAG
GATGATGACGTCATGTTAAA
ATCGATGACGTCATGGCCC
CCGATGACGTCATAGCACCT
cTAATGACGTCATCTTCGGAT
cAGATGACGTCATCCTACCTT

tctagacgtgcccTATGACGTCATAATACAGTA

mismatches
from cons.

1

0
2
0
1
0
0
0
0
0
0
0
1
0
0
1
1
0
0
0
0
0
0
0

A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A

Consensus I ATGACGTCAT I

mismatches
clone from cons. orentation
J14 ATCACCGTATGACTCATCCG 0 A
J77 AAGGTCTGACTCACACTGTG 2 A
J72 ggTATGACTCATCACCTGTGAA 0 B

Consensus ATGACTCAT

(B)
A 6 2 6 20 - - 24 - -- -24 - 5 3 5
C 8 11 - - - - - 24 - - 24 - 2 8 13 10
G 5 3 15 4 - 24 - - 24 - - - 1 4 4 -

T 5 8 3 - 24 - - - - 24 - - 21 7 4 9

Consensus A T G A C G T C A T

FIG. 2. Determination of optimal recognition sequences for v-Jun. (A) Aligned sequences of the oligonucleotides selected by association
with the bacterially synthesized bZip domain of v-Jun. The randomized portions of the oligonucleotides are shown in capital letters, and the
nonrandom arm sequences are shown partly in lowercase letters. Numbers of mismatches from the consensus sequences and the orientation
of each nucleotide are indicated on the right. (B) Occurrences of the four nucleotides in the aligned oligonucleotides which contained
CRE-type sequences.

Maf and Jun (Table 1). Using these oligonucleotides, we
tested the gel mobility shift activity of the Maf and Jun
proteins synthesized in E. coli. In addition, we produced the
bZip domain of v-Fos in E. coli as a fusion protein with the
MBP and tested its binding ability to these oligonucleotides
in the presence of its essential partner, Jun (Fig. 4; Table 1).
As expected from the partial similarity between the consen-
sus sequences of Maf and Jun, some probes were shifted by
both of them whereas some others were shifted by only one.
For instance, oligonucleotide 11 was efficiently shifted by
both Maf and Jun, whereas oligonucleotides 3 and 23 asso-

ciated preferentially with Maf and Jun, respectively. The
oligonucleotides which contain the optimal sequences for
binding to Maf (oligonucleotides 1 and 2) were shifted by
Maf at the highest efficiency, confirming the earlier results.
The binding efficiencies of Maf to TRE-type and CRE-type
MAREs were roughly equal. Any probe which contains one
or two mismatches from the consensus sequences showed
reduced binding efficiency to Maf (probes 3 to 16). In
particular, substitutions in oligonucleotides 5 and 6 affected
their binding activities more severely than others, suggesting
unequal contribution of each nucleotide for binding. Four
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ND4

ND5
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FIG. 3. DNA-binding activity of in vitro transla
(A) Schematic representation of v-Maf mutant pi
DNA-binding ability. Dimer-forming and cell-transf
of these proteins are from Kataoka et al. (31).
full-length version of the v-Maf protein. Mutatic
substitution mutants, L2PL4P, R22E, and Q5H,
open triangles. H indicates a tract of 8 histidine
indicates three clusters of 8 to 10 glycine residi
translation of v-Maf mutants. Deletion mutants
mutants indicated at the top of the panel were tran
the presence of [35S]methionine and analyzed by
phoresis followed by fluorography. Positions of
markers (in kilodaltons) are given at the left. (

abilities of v-Maf mutants. Oligonucleotide 9 (Tab]
a probe in this particular experiment, because of lov
to this nucleotide in the wheat germ extract.

oligonucleotides, which contain the optimal binding se-
quence for Jun homodimer (oligonucleotides 11, 12, 21, and

Dimer Trans- DNA 22), were efficiently shifted by Jun. Jun most strongly
rming forming binoing associated with the CRE-type consensus sequence (oligonu-ability ability aoilty cleotides 12 and 22). It is noteworthy that the binding+ + + efficiency of Jun to oligonucleotides 19 and 20, which also
+ + + contain the Jun-binding consensus, was slightly lower than
+ + + to oligonucleotides 12 and 13, suggesting additional se-
+ - + quence preference for Jun. Any mutation introduced into the
+ - - TRE or CRE core sequences greatly diminished the binding
+ + + to Jun (probes 3 to 10). Consistent with the previous study
+ + + (65), all the oligonucleotides retarded by the Jun-Jun ho-

modimer were also retarded by the Fos-Jun heterodimer
with increased efficiencies. We could not detect any differ-

+ ence between the binding specificities of the Jun-Jun ho-
modimer and the Fos-Jun heterodimer.

+ + + + Heterodimer formation of Maf with Fos and Jun. We
previously observed that Maf protein forms homodimers
through its leucine repeat structure (31). No other cellular
proteins could be detected in immunoprecipitation experi-
ments with cell lysate prepared from AS42 virus-infected
cells, suggesting that Maf acts primarily as a homodimer to
transform chicken embryo fibroblasts (31, 32). However, we

-n could not exclude the possibility that Maf associates with
other bZip proteins. The similarity of the recognition se-
quences of Maf and Fos/Jun proteins led us to examine the
ability of Maf to form heterodimers with Fos and Jun (Fig.
5). In this experiment, the MBP-fused Maf, Jun, and Fos
proteins used to determine their consensus binding se-
quences and the 35S-labeled three in vitro synthesized bZip
proteins were used. The mutated proteins (Maf-L2PL4P,

2 Jun-L3P, and Fos-L3P), which harbor one or two leucine-
to-proline substitutions within their zipper structures, were
included for assay as negative controls. All the proteins were
synthesized efficiently (Fig. 5, lanes 1 to 6). Amylose resin

(L bound to either one of the three MBP-fused bZip proteins
N*J was added to the lysate, and after extensive washing of the

resin, proteins were recovered by boiling the resin in SDS
sample buffer and were separated by SDS-polyacrylamide
gel electrophoresis. In the absence of the MBP-fused bZip
protein, neither of the in vitro translated proteins were
efficiently precipitated by addition of control amylose resin
(lanes 7 to 12). Although Jun and JunL3P proteins (lanes 9
and 10) showed weak binding to unloaded resin, much
stronger and leucine zipper-dependent binding was observed
with preloaded resins. For instance, when the amylose resin
bound to the MBP-Maf fusion protein was used, all of the

* ~~~~three bZip proteins were precipitated (lanes 13, 15, and 17).
1 2 On the other hand, the amylose resin bound to the MBP-Maf
ited Maf protein. fusion protein failed to precipitate the mutant proteins effi-
roteins and their ciently (lanes 14, 16, and 18), indicating that association of
forming activities the Maf protein to Fos and Jun proteins depends on their
PT is a nearly leucine zipper motif. Consistently, in the presence of MBP-

Dn sites in three Jun or MBP-Fos fusion protein, in vitro translated Maf
are indicated by protein was precipitated efficiently only when the Maf pro-residues, and G tein has intact leucine zipper structure (lanes 19, 20, 25, and

or substitution 26). In these conditions, also depending on the leucine zipper
islated in vitro in structure, the MBP-Jun fusion protein associated with Jun
SDS-gel electro- and Fos (lanes 21 to 24) and the MBP-Fos protein associated
f molecular size with Jun (lanes 27 and 28). These data indicate that Maf
C) DNA-binding associates with both Jun and Fos, through their heptad
le 1) was used as repeat structure of leucine residues.
w binding activity Binding specificities of the Maf-Jun and Maf-Fos het-

erodimers. To further confirm the association between Maf
and the AP-1 proteins, we mixed the bacterially synthesized
Maf and either Jun or Fos and subjected them to the gel
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TABLE 1. Synthetic oligonucleotides used for gel mobility shift assay and evaluation of band shift data from Fig. 4

No. of mismatches from: Binding for":
Oligonucleotide Sequencea

MAREs Jun consensus Maf Jun Fos-Jun

1 TGCTGACTCAGA 0 2 +++ + ++
2 TGCTGACGTCAGCA 0 2 +++ ++ +
3 TGCTGATTCAGA 1 3 +++ - -
4 TGCTGATATCAGCA 2 4 +++ - -
5 TGCTGGCCCAGCA 2 4 ++ - -
6 TGCTGGCCCAGC 2 4 ++ - -
7 TG TTATAA&A 2 4 ++ - -
8 TGCTTAMAACGA 2 4 +++ - -
9 TGCGACTCGGOA 2 4 + + - -
10 TGCCGACGTCGGCA 2 4 ++ - -
11 T£ATAQTCATCA 2 0 +++ +++ +
12 TGATGACGTCATCA 2 0 +++ +++ +
13 TACTGACT ATA 2 2 + + - +
14 TACTGACGTCAQTA 2 2 + + + ++
15 GGCTGACTCAGCC 2 2 ++ - +
16 GGCTGACGTCAGCC 2 2 ++ + +
17 TGAGGAQCTCA 4 2 - - -
18 TGAGGACGTCCTCA 4 2 - - -
19 TAATGACTCATTA 4 0 + + +
20 TAATGACQTATTA 4 0 + + + +
21 GGATGACTCATCC 4 0 + + + +
22 CUATGACTCATCC 4 0 + +++ +
23 CAATGACTCATTG 6 0 - + +
24 CAAMTGAQTATTG 6 0 - ++ +
25 TGCTGACTCATCA 1 1 +++ ++ ++
26 TGCTGACGTCATCA 1 1 +++ + + +
27 TICGACTCAT-C 3 2 ++ - -
28 TCGACGTCATC 3 2 + - +
29 TCGACTCATTG 4 2 + + - -
30 TGCGACGTCATTG 4 2 + - -
31 TGCGGCTCATTG 5 3 _ _ _
32 TGCGGCGTCATTG 5 3 - - -

a Nucleotide sequences of only the middle part of the probes different each other are shown. The whole structure of oligonucleotide 1 is

5'-TCGAGCTCGGAATTGCTGACTCAGCATTACTC-3'
3'-TCGAGCCTTAACGACTGAGTCGTAATGAGAGC-5'

Nucleotide matches with the MAREs are underlined. The number of mismatches from the consensus sequences of Maf and Jun is shown. Binding was estimated
by an image analyzer.

bSymbols: + + + +, > 100% of binding to the most preferable CRE-type consensus sequences (Maf binding to probe 2 [for Maf] or Jun binding to probe 12 [for
Jun and Fos-Jun]); +++, 50 to 100%; ++, 20 to 50%; +, 5 to 20%; -, <5%.

mobility shift assay. Heterodimer formation between Maf
and AP-1 proteins synthesized separately and subsequently
mixed, however, occurred very slowly (data not shown). We
then chose to cotranslate Maf and Jun or Fos in vitro and
subjected them to the gel mobility shift assay with oligonu-
cleotide probe 11 (Table 1), which can be efficiently recog-
nized by both Maf-Maf and Jun-Jun homodimers (Fig. 6).
When two Maf proteins of different lengths, PT and ND5,
were cotranslated, a single additional retarded band of
intermediate mobility was observed, confirming homodimer
formation of Maf (Fig. 6, lane 4). When one of the two
proteins was substituted with a mutant defective in dimer
formation, the complex with intermediate mobility was not
formed (lanes 5 and 6). Similarly, by analyzing the mixture of
Maf and Jun, a band of the intermediate mobility which
should be derived from the Maf-Jun heterodimer was de-
tected, in addition to the two retarded bands of the ho-
modimers (lane 11). Cotranslation of Maf and Fos also
yielded a band with the size expected for the Maf-Fos
heterodimer (lane 17). These new bands were not observed
when one of the two cotranslated proteins lacked an intact
leucine repeat structure (lanes 12, 13, 18, and 19). These

observations again indicated that Maf forms heterodimers
with Jun and Fos through their leucine zipper structures.

It has been demonstrated that, for binding of Fos-Jun
heterodimer to TRE, each of the two proteins recognizes a
half site of its recognition sequence (51, 62). We have
established in this study that DNA-binding specificities of
the Maf-Maf and Jun-Jun homodimers are clearly different.
It is therefore reasonable to assume that the Maf-Jun het-
erodimer might most efficiently recognize asymmetrical
DNA sequences consisting of half each of the two most
preferable sequences of the two homodimers (Maf-Jun and
Maf-Fos).

Since the AP-1 proteins are known to accumulate tran-
siently in cells in response to growth-stimulatory signals, we
examined the influence of increased amounts of AP-1 pro-
teins on the ability of Maf to bind to specific sequences (Fig.
7). Aliquots ofmafmRNA mixed with increasing amounts of
jun mRNA were cotranslated for the gel mobility shift assay.
With oligonucleotide probe 11, which can be efficiently
recognized by both Maf and Jun, we observed a decrease in
the level of Maf homodimer and an increase in the level of
heterodimer (Fig. 7, lanes 2 to 5). Under these conditions,
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FIG. 4. Comparative analysis of DNA-binding specificities of
Maf and Jun homodimers and the Fos-Jun heterodimer. The 32p-
labeled oligonucleotide probes indicated at the top of each panel
were mixed with about 50 ng of MBP-Maf, MBP-Jun, or a mixture
of MBP-Jun and MBP-Fos and were separated on polyacrylamide
gels. Relative binding efficiencies of the dimers were estimated by an
image analyzer and are summarized in Table 1.

the binding activity of Maf to probe 7, which efficiently binds
only to the Maf homodimer, was inhibited by Jun (lanes 6 to
9). In contrast, the binding activity of Maf to probe 29, which
contains an asymmetrical sequence, was enhanced by the
addition of Jun (lanes 10 to 13). The sequence of oligonucle-
otide 29 is different from the consensus sequences for Maf
and Jun by four and two bases, respectively, but differs from
the putative binding consensus of the Maf-Jun heterodimer
(TGCTGACTCAT) by only one base. Probe 23 was effi-
ciently recognized only by the Jun homodimer (lanes 14 to
17). It is now evident that homodimers of Maf and Jun and
the Maf-Jun heterodimers have distinct target specificities.
We have not detected any differences between the binding
specificities of Maf-Jun and Maf-Fos heterodimers (data not
shown).

Search for possible target genes in DNA data bases. We
have established in this study that Maf is a sequence-specific
DNA-binding protein. In our preliminary experiments, Maf

FIG. 5. Direct association of Maf and AP-1 proteins. Positions of
molecular size markers (in kilodaltons) are given at the left. RNA
samples as indicated at the top were translated in vitro in the
presence of [35S]methionine, and the products were analyzed by
SDS-polyacrylamide gel electrophoresis to confirm the efficiency of

translation (lanes 1 to 6). The translated proteins were mixed with
amylose resin preloaded with no protein (lanes 7 to 12), MBP-Maf
(lanes 13 to 18), MBP-Jun (lanes 19 to 24), or MBP-Fos (lanes 25 to
30), and the proteins retained on the resin were analyzed on
SDS-polyacrylamide gels.

has been shown to strongly activate transcription from
promoters containing MARE (unpublished result), suggest-
ing that it might be a positive transcriptional regulator. One
of the next important questions would be which genes are
regulated by Maf. Since Maf recognizes relatively long DNA
stretches, the occurrence of such sequences in the genome
was expected to be relatively less frequent. With this expec-
tation, we tried to find possible target genes for Maf by DNA
data base search. More than 20,000 segments with not more
than four mismatches from MARE sequences were detected
in vertebrate DNA and viral DNA sequences. Among the
numerous candidates, those which are evolutionally con-

served, conserved among related genes, or located within
sequences reported to be functionally important for tran-
scriptional regulation are listed in Table 2. The possible
importance of these candidates is discussed below.

DISCUSSION

In the present study, we have determined consensus

binding sequences for two oncogenic nuclear proteins, Maf
and Jun. The binding sequences for these two proteins are

identical in their middle portion but different in their flanking
regions. We previously tested the binding ability of Maf to
TRE and CRE but failed to detect any binding. Retrospec-
tively, the result was reasonable because in that experiment
we used the TRE of the rat aP2 gene and the CRE of the
human somatostatin gene as probes for the gel mobility shift
assay; these are different from TRE-type and CRE-type
MAREs by 5 and 4 bases, respectively.
We have also shown that Maf, Jun, and Fos form five
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FIG. 6. Functional homodimer and heterodimer formation of the
Maf protein. mRNAs for Maf, Jun, Fos, or their mutated forms,
indicated at the top, were translated in vitro. Structures of PT (lane
2), ND5 (lanes 3 and 16), L2PL4P (lane 7), and R22E (lane 9) are
shown in Fig. 3A. ND5L2PL4P (lane 8) is a chimeric construct
derived from ND5 and L2PL4P. JunL3P (lane 14) and FosL3P (lane
20) are mutant proteins of Jun and Fos, respectively, in which the
third leucine residues of the leucine repeats are substituted by
prolines. The proteins were incubated with 250 pg of 32P-labeled
oligonucleotide 11 (Table 1) for 30 min at room temperature and
were analyzed by polyacrylamide gel electrophoresis. The retarded
bands corresponding to the homodimers and heterodimers are
indicated by arrows.

types of dimers with distinct binding specificities (Fig. 8). It
is also possible that Maf forms heterodimers with other bZip
proteins which recognize TRE and/or CRE sequences, such
as other components of AP-1 (9, 24, 44, 54, 63, 64, 78) and
ATF/CREB-family proteins (14, 17, 19, 21, 25, 26, 42, 57). In
addition, other members of the Maf family may participate in
heterodimer formation and may lead to altered binding
specificities. Potential combinations of these bZip proteins
are numerous, and this may contribute to the generation of
positive and negative regulatory diversity. On the basis of
the DNA-binding data presented in this study, it is possible
that Maf and AP-1 proteins interact with each other in either
an inhibitory or a stimulatory way, depending on the target
sequences. For DNA elements which bind with either of the
homodimers with great preference, the presence of the
heterodimeric partners will be inhibitory to the binding. For
some other elements, Maf and AP-1 may act synergistically
by forming heterodimers with enhanced binding affinity.
With the exception of JunD (24, 63), the AP-1 components
are known to be greatly and transiently induced by several
types of growth-stimulatory signals. It is therefore highly
likely that transient accumulation of AP-1 proteins affects
the expression of target genes for Maf. Conversely, in cells
which strongly express Maf, it is possible that the transcrip-
tional stimulatory effect of AP-1 is partly modified by Maf.
As far as we have examined, expressions of c-maf and its

related genes are not affected by mitogen treatment of the
cells and are rather tissue specific (16, 56). It is therefore
possible that the Maf-related proteins play important roles in
tissue-specific expression of some cellular genes rather than
in cell growth per se. ADNA data base search suggested that
the TRE-like sequence (the E element) in the liver-specific
enhancer of human hepatitis B virus (12, 72) may interact
with both Maf and AP-1. Among the functional TREs of the
cellular TPA-inducible genes, that of the 92-kDa type IV

1 2 4 7 ;8 .1 1 1

FIG. 7. Changes in the DNA-binding specificities of Maf and Jun
by heterodimer formation. To a constant amount of mRNA for Maf
(ND5), a 2-fold (lanes 3, 7, 11, and 15), 4-fold (lanes 4, 8, 12, and 16),
or 16-fold (lanes 5, 9, 13, and 17) molar ratio of mRNA for Jun was
added and cotranslated in vitro. The translated materials were
subjected to a gel mobility shift assay with the indicated probes. The
positions of specific protein-DNA complexes are indicated by ar-
rows. For probe 11, the translation product prepared without added
RNA (lane 1) was included to show the DNA-binding activities
(open triangles) in the wheat germ extract used for translation.

collagenase gene (27, 68) seems to interact not only with
AP-1 but also with Maf.

Possible target genes specifically expressed in the eye,
-y-crystallin and opsin genes, may be also notable, because a
member of the maf gene family, NRL, was reported to be
expressed exclusively in the eye (75). The expression of the
NRL gene is restricted to retinal cells, which correlates well
with the expression of the opsin gene. The possible Maf-
binding sites associated with -y-crystallin genes are located
within the so-called -y-crystallin conserved region, which
was reported to be important for the transcription of these
genes (38, 39).
The placental-type glutathione S-transferase gene may

also be a target for Maf. Among the two enhancer elements
reported by Sakai et al. (66), the one proximal to the cap site
contains a TRE-type MARE with only one base mismatch
from the consensus. Another possible Maf-binding site was
identified in the electrophile-responsive element associated
with the glutathione S-transferase Ya subunit gene, which is
reported to be important for the basal promoter activity and
induction of this gene by xenobiotics (15). Similarly, a
transcriptional regulatory element, which also confers induc-
ibility by xenobiotics to the rat NAD(P)H:quinone reductase
gene, also contains a TRE-like sequence followed by the
trinucleotide GCA (37). The similarity of these antioxidant
response elements to TRE-type MARE suggests possible
involvement of Maf family proteins in the inducible expres-
sion of these genes.
Some of the genes whose expression is specific in eryth-

roid cells contain possible Maf-binding sites in their regula-
tory regions. For instance, possible Maf-binding sites are
evolutionarily conserved in the enhancer elements of ao- and
P-globin genes. Interestingly, the conserved sequences are
known to be associated with an erythroid specific transacting
factor, NF-E2, and the binding specificity of this factor (2,
46, 47) seems to be similar to that of Maf. Very recently,
NF-E2 was reported to be a heterodimeric complex which
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TABLE 2. Possible target genes of Maf

Sequencea

TRE-type MARE

Hepatitis B virus X gene enhancerb

Feline leukemia virus LTR"

Mouse mammary tumor virus LTRb

Rous sarcoma virus LTRb

Human 92-kDa type IV collagenase 5tb

Human opsin 5,c

Mouse y2-crystallin 5"b,,

Rat glutathione S-transferase Pi 5'b,C

Mouse glutathione S-transferase Ya 5"b

Human NAD(P)H:quinone oxidoreductase 5 b

Mouse 3-globin enhancerb,Cd

Human porphobilinogen deaminaseb

Hamster histone H3.2 5Ib,c

Human pim-1 5'c

Human c-erbB upstream enhancerb

Human c-erbB downstream enhancerb

Human insulin 5'c

Human IL-6 5,c

Human p53 5,c

Human plasminogen 5"d

1988

GCQTTCQTCAGCA
179

A952£AACAGCA
790

TMTTGACTCAGGA
9017

CQATgAOTTAGCA
-82

CCCTGAGTCAGCA
134

TGCTGATTCAGCC
-47

TGCCAACACAGCA
-64

TGTTGACTCAGC
-731

IMGT2ACAALQA
-464

A_TTGACTCAGCA
-9774

TGCTGAGTCATGC
-9764

TGCTGATGC
-167

CAGTGACQTAGA
-251

TQGC2AGaTDAGC
-1003

-1366

.TTCAA,&ACAGA
130

TGCTGAGCCTGCA
137

T2G'AGCCTCAGCC
-283

TGCTGAGTCACTA
-293

TCCTGACTCT(LA
-21

TGCTGAQCCAfTG
-219

18

11

49

69

27

53

38

58

15

30

48

8

3

45

41

41

4

61

6

28

Human cathepsin G 5"' CAQTjAOTTAMQA 23
-94

Human metallothionein-IG 5"' TGGAOTOAG(G 13

CRE-type MARE
-1215

Human corticotropin-releasing factor C.TTGA?.TCACQA 73
precursor gene S"

a Positions of the sequences are indicated by the numbering system of the references. Nucleotide residues matched with the consensus sequences are

underlined.
"Located within sequences known to be important for transcriptional regulation. LTR, long terminal repeat.
c Conserved in several species.
d Conserved in related genes.

putatively consists of two bZip proteins, p45 and p18 (2). It
is noteworthy that the smaller component, p18, which has
not yet been molecularly cloned, is consistent with some of
the maf family proteins in its molecular weight. Similarly,
judged from DNA-binding specificity, a nuclear factor com-
plex interacting with the TRE-like cell cycle-dependent
enhancer element of the hamster histone H3.2 gene (50, 71),
may be related to Maf.

Several growth regulatory genes may also be the target for

Maf. For example, two proto-oncogenes,pim-1 (45, 70), and
c-erbB (41), contain possible Maf recognition sequences in
their putative regulatory regions. A possible Maf-binding
site, just upstream of the cap sites of insulin genes, is
conserved in several species. Also, a putative MARE is
conserved in the promoter regions of interleukin-6 and p53
genes in humans, rats, and mice.
Our data indicate that multiple combinations of Maf, Jun,

and Fos manifest different DNA-binding specificities. An
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Maf-Maf Maf-Jun Jun-Jun

Maf-Fos Fos-Jun

<--- -o

FIG. 8. Possible combinations of Maf, Jun, and Fos and their

target sites. A homodimer of Maf (open rectangles) recognizes
relatively long palindromic sequences (two dashed arrows) in a
loose manner. The AP-1 proteins recognize shorter palindromic
sequences (two solid arrows). Heterodimerization of Maf and AP-1

proteins (shaded rectangles) generates complexes capable of binding
to asymmetrical hybrid DNA-recognition sites (one dashed longer
arrow and one solid shorter arrow).

important implication of these findings is that different
combinations of the bZip proteins may modulate distinct
subsets of genes possessing the requisite DNA-binding sites.
It is of interest to test the inducibility of the possible target
genes in response to the overexpression of Maf, Jun, and
Fos in various combinations. Such experiments may yield
important insights into the normal function of, and the
molecular mechanisms of cell transformation by, these three
nuclear oncoproteins.
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